Helicobacter pylori colonizes the stomach at the interface between the mucus layer and the apical pole of gastric epithelial cells. A number of secreted and shed products from the bacteria, such as proteins and lipopolysaccharide, are likely to have a role in the pathogenesis at the epithelial level. To determine the physiological response of transporting polarized epithelia to released soluble factors from the bacterium, we used the T84 cell line. Monolayers of T84 cells were exposed to soluble extracts from H. pylori. The extracts induced rapid "dome" formation as well as an immediate decrease in transepithelial electrical resistance. Domes are fluid-filled blister-like structures unique to polarized epithelia. Their formation has been linked to sodium-transporting events as well as to diminished adherence of the cells to the substrate. H. pylori-induced dome formation in T84 monolayers was exacerbated by amiloride and inhibited by ouabain. Furthermore, it was associated with changes in the expression of the laminin binding ␣6␤4 integrin and the 67-kDa laminin receptor. Domes formed primarily on laminin-coated filters, rather than on fibronectin or collagen matrices, and their formation was inhibited by preincubating the bacterial extract with soluble laminin. This effect was specific to H. pylori and independent of the urease, vacA, cagA, and Lewis phenotype of the strains. These data indicate that released elements from H. pylori can alter the physiological balance and integrity of the epithelium in the absence of an underlying immune response.
The gastrointestinal epithelium represents the first cellular barrier against intraluminal insults. In the stomach, the interface between the epithelial cells and the gastric mucus represents the ecological niche for the gram-negative bacterium Helicobacter pylori. The intimate association between the microorganism and the epithelium initiates a pathological response at the host epithelial surface which subsequently results in a specific local immune response (reviewed in reference 6). The direct effects in epithelial cells upon stimulation with H. pylori have been widely studied in vitro, and effects such as loss of epithelial barrier function (42, 55) , cytoskeletal rearrangements (2), apoptosis (14) , and induction of nuclear factor kappa B (39), interleukin 8, and cyclooxygenase-2 (22) have been reported. Upon onset of the infection, the subsequent inflammatory response, in particular to CagA ϩ strains, also has an important effect in the epithelium, due to neutrophil transepithelial migration and associated releases of reactive oxygen intermediaries (41, 49) .
The loss of epithelial homeostasis and integrity are likely to be the first in the cascade of events that leads to H. pyloriassociated gastrointestinal pathogenesis. The enterocytes perform the barrier function by maintaining their polarity and tightly associating with each other through lateral adherents and tight junctions (35, 59) . These cells also maintain a stable connection to basement membranes through adhesive interactions between the cells and extracellular matrix proteins (51) , and the principal agent mediating the integration of the cytoskeleton and extracellular matrix is the integrin heterodimer ␣6␤4 (16, 51) .
The human intestinal epithelial cell line T84 differentiates in vitro into polarized monolayers with functional tight junctions which maintain an ion-transporting phenotype (28) , representing a good in vitro model for the study of the physiological response to the gastrointestinal pathogen H. pylori.
It has been previously shown that sonicates and bacterial extracts from H. pylori can alter the paracellular barrier function (55) , and Papini et al. (42) have shown that the bacterial vacuolating toxin can selectively increase the permeability of this cell line. These data indicate that H. pylori epithelial pathogenesis may be mediated not only by direct interaction with the organism, but also by released bacterial elements such as lipopolysaccharide (LPS) or secreted proteins. Since alterations of the epithelial physiology could contribute to the onset of H. pylori-associated disease, we aimed to study the physiological response of intestinal epithelial cells to soluble factors readily shed or secreted by the bacterium.
Although the understanding of how epithelial cells regulate tight junction-mediated permeability is still incomplete, the process of epithelial homeostasis control has been clarified (24) . The lining of the intestine maintains cell volume and hydration as a result of ion transport processes involving a well-balanced control of Cl Ϫ and Na ϩ secretion and absorption (24) . These cells have a polarized phenotype that facilitates a differential expression of ionic channels, pumps, and transporters in the apical or basolateral membrane domains (46) . This is the case for the Na ϩ /K ϩ ATPase, expressed basolaterally, or the Na ϩ /H ϩ electrogenic epithelial sodium channel (ENaC), expressed only apically in colonic and small intestine epithelial cells (24) . Important human diseases, such as cystic fibrosis or secretory diarrhea, result when regulated ionic transport malfunctions (4) .
A variety of epithelial cell lines that retain their transepithelial transport properties are able to form "domes" in vitro. Domes are localized blister-like areas of fluid accumulation between the cultured monolayer and the impermeable substrate (47) which have been interpreted as indicative of fluid transport (25) , weak attachment to the substrate (52) , and a sign of epithelial differentiation (26) . Their presence demonstrates the maintenance of a differentiated polarized phenotype and the presence of functional tight junctional complexes. Some cell lines develop domes spontaneously upon reaching confluence, but others only develop them upon exposure to various stimuli, including cyclic AMP (cAMP) analogs, dimethyl sulfoxide (26) , and retinoic acid (53) .
In this study we show for the first time that apical stimulation of T84 monolayers with H. pylori extracts (HPE) induces the formation of domes. We set out to identify the molecular mechanism involved in the formation of these structures.
(Serotec); and MluC5, rabbit anti-67-kDa laminin receptor (34) were used in this study.
All chemicals used were from Sigma except for cyclosporine (Calbiochem, Nottingham, United Kingdom), staurosporine (Calbiochem), and acrylamide (BDH Laboratories, Poole, United Kingdom). All inhibitors were preincubated with the cells for 30 min before incubation with HPE, followed by coincubation with HPE during 1 h.
Immunofluorescence. Monolayers growing in transparent semipermeable tissue culture inserts (Falcon) were washed and fixed with 4% paraformaldehyde at room temperature for 30 min. Monolayers were permeabilized with 0.5% Triton X-100 and incubated in blocking solution (phosphate-buffered saline [PBS] containing 3% nonfat dry milk) followed by the primary antibody for 1 h. Cells were then washed and incubated with the appropriate fluorescein isothiocyanateconjugated secondary antibody in blocking solution (PBS containing 0.05% Tween 20 and 3% nonfat dry milk). After incubation, the filters were washed, punched out, and mounted on glass slides.
All images were acquired with a Nikon Diaphot (Nikon Europe, Badhoevedozp, The Netherlands) inverted phase-contrast and fluorescence microscope. Processing of acquired photographic images was performed using Adobe Photoshop software (San Jose, Calif.).
Measurement of I sc . Confluent monolayers of T84 cells were grown on collagen-coated permeable supports and maintained until steady-state transepithelial resistance (Ͼ1,000 ⍀/cm 2 ) was achieved. To measure short-circuit currents (I sc ), transepithelial potentials, and resistance, a commercially available voltage clamp (Iowa Dual Voltage Clamps, Bioengineering, University of Iowa) interfaced with an equilibrated pair of calomel electrodes and a pair of Ag-AgCl electrodes was utilized, as described in detail elsewhere (11) . Using these values and Ohm's law (voltage ϭ current ϫ resistance), tissue resistance and transepithelial current were calculated. Fluid resistance within the system accounts for less than 5% of total transepithelial resistance. For experimentation, HPE or control media were diluted 1:2 in Hank's balanced salt solution and exposed to the apical and basolateral epithelial surfaces. I sc was monitored over 20 min, and to demonstrate that monolayers were capable of I sc monolayers were exposed to forskolin (3 M; Calbiochem) and monitored for I sc . All experiments were performed in a 37°C room to ensure that epithelial monolayers, solutions, plasticware, etc., were maintained at a uniform 37°C temperature. Tissue culture supplies were obtained from Gibco Laboratories (St. Lawrence, Mass.) and Costar (Cambridge, Mass.).
LPS and protein quantification. The protein concentration in HPE (0.5 mg/ ml) was determined by the Bradford method (5). Quantification of endotoxin units in HPE (5.7 ϫ 10 3 Ϯ 0.593 ϫ 10 3 endotoxin units/ml) was performed by BioWhittaker (Berkshire, United Kingdom) using the Limulus amebocyte lysate assay.
Electron microscopy. Filters were carefully cut out from their plastic supports and processed according to the method of Orzech et al. (40) . Briefly, cells were fixed for 30 min at room temperature with a mixture of 2% (wt/vol) paraformaldehyde, 1% (vol/vol) glutaraldehyde dissolved in phosphate buffer (0.1 M NaH 2 PO 4 , 0.1 M Na 2 HPO 4 ; pH 7.4). Postfixation was performed in a mixture of osmic acid tetroxide (1%, vol/vol) and potassium ferricyanide (1.5%, wt/vol) in 5 mM cacodylate buffer, pH 7.0, for 1 h. After washing in cacodylate buffer, sections were dehydrated in ascending grades of alcohol and treated with propylene oxide for 45 min before embedding in Epon resin at 60°C overnight. Ultrathin sections were cut with a glass knife ultramicrotome (Reichert OMU3) and stained with uranyl acetate and lead citrate. Sections were analyzed under a Hitachi-7000 transmission electron microscope.
Apoptosis detection and assessment of cell viability. The ApopTag in situ apoptosis detection kit (Intergen Company) was used according to the manufacturer's instructions. Cell viability in HPE-treated T84 monolayers was assessed by staining with fresh 50 mM ethidium bromide and 10 mM acridine orange in PBS and subsequent examination under an inverted fluorescence microscope.
Data analysis. For clarity, TER data are expressed in time course format graphics as the percentage of the control value at the beginning of each experiment. Detachment was quantified by calculating the total number of domes as a percentage of the control. This quantification method was appropriate, since within each experiment domes had a homogeneous size. All experiments were performed individually and repeated at least three separate times. ner. To determine the response of polarized epithelia to HPE, the T84 colonic epithelial cell line growing in semipermeable tissue culture inserts was used. The apical bathing medium was substituted with HPE, and monolayers were examined in situ under a phase-contrast microscope. After 30 to 50 min of incubation at 37°C, numerous circular structures appeared evenly spread across the monolayers (Fig. 1) . Phase-contrast microscopic observations indicated that each one of these structures corresponded to epithelial blisters due to cell-matrix, but not cell-cell, detachment (Fig. 2) , and their formation was associated with a significant decrease in the TER (Fig.  3A) . As previously shown with bacterial sonicates (55), basolateral exposure of polarized T84 monolayers to HPE did not alter TER values (data not shown), nor did it induce cell detachment ( Fig. 3B ). These blisters have been previously described in transporting epithelia and referred to as domes (25) .
The influence of different extracellular matrix substrates on HPE-induced dome formation and TER drop was assessed by growing T84 cells on fibronectin-, collagen-, and laminincoated inserts, as well as in polyester plastic semipermeable membranes. In all cases, apical stimulation with HPE induced a significant drop in TER (Fig. 3C ). Dome formation, however, was dependent upon the biochemical composition of the extracellular matrix (Fig. 3D) . A large number of domes was observed in cells growing on PET plastic and the laminincoated insert, but domes were absent in monolayers on polyester plastic or on collagen-coated inserts. Cells grown in fibronectin-coated inserts developed domes, although to a much lesser extent than PET-or laminin-grown cells. Furthermore, preincubation of HPE with soluble laminin abolished the ability of HPE to induce dome formation (Fig. 3E ). When cells were incubated with soluble laminin, washed, and then stimulated with HPE, dome formation occurred as before (Fig. 3F ). This indicates that laminin binds to elements in HPE rather than to cellular receptors.
HPE-induced domes occur only in human intestinal transporting epithelia, and they are not associated with apoptosis or cell death. T84 cells cultured under the conditions defined above differentiate in vitro into polarized monolayers with two domains, apical and basolateral, which have very different membrane compositions (28) . To determine if the state of differentiation of the cells influenced HPE-induced epithelial dome formation, T84 cells at different stages of maturation were analyzed. TER drop and dome formation only occurred after 13 and 15 days in culture, respectively ( Fig. 4A and B) , at which stage the cells are fully confluent, have reached stable TER values, and are polarized and differentiated (29) . We used various epithelial cell lines to investigate cell-type-specific responses to HPE. HPE failed to induce domes in monolayers of the nontransporting epithelial cell lines AGS (gastric) and HTC116 (colonic) or in the canine renal cell line of transporting epithelial cells, MDCK. Caco-2-transporting epithelia (colonic) responded to HPE stimulation, as T84 did, by forming domes (Fig. 4C) .
HPE-induced dome formation was not associated with cell death, since staining of treated monolayers with ethidium bromide-acridine orange up to 6 h after cell-matrix detachment indicated that all cells were viable (data not shown), and replacement of HPE with fresh medium for 24 h facilitated reattachment and recovery of normal TER levels (Fig. 4D) . Furthermore, microscopic observation upon monolayer staining with the ApopTag in situ apoptosis detection kit confirmed that the cells were not apoptotic (data not shown).
Epithelial detachment is specifically caused by H. pylori. To determine strain and species specificities associated with the formation of domes, we used extracts from different strains of H. pylori whose phenotypes and associations with disease are known (33) as well as two gram-negative bacteria, E. coli and S. marcescens (Fig. 5A) . In all cases, cells were apically stimulated with 0.5 ml of extract per cm 2 (Fig. 5C ). Since urease, vacA, and cagA are some of the major determinants in H. pylori pathogenesis and they can have significant effects in cell physiology (reviewed in reference 38), we further studied the capacity of HPE from isogenic mutants for these proteins to induce dome formation. We used HPE from two different vacA Ϫ isogenic mutant strains, 60190 and 84183, one CagA Ϫ isogenic mutant strain, and isogenic mutants for ureB and ureG, which are essential for urease expression (13, 15) . HPE from both the wild type and mutants were able to induce dome formation (Fig. 5D) .
Dome formation involves epithelial basolateral separation between neighboring cells due to cell shrinkage. Ultrastructural analysis by transmission electron microscopy showed deep morphological changes in HPE-treated monolayers compared to controls ( Fig. 6A and B) . In control monolayers, the cells appeared tightly joined to each other, maintaining their tight junctions and with their apical and basolateral domains well differentiated (Fig. 6A, C , and E). At the domes, the cells also maintained their polarity, with the apical microvillae and the nucleus in a basal position, but there was extensive baso- lateral separation between neighboring cells (Fig. 6F) , probably due to obvious cell shrinkage. Influence of ENaC and Na ؉ /K ؉ ATPase inhibition on the formation of domes. Dome formation has been associated with the occurrence of Na ϩ -transporting events in electrically tight epithelia (25, 61) . In addition to electroneutral absorption by parallel exchange of Na ϩ /H ϩ and Cl Ϫ /HCO 3 Ϫ , epithelial cells possess a mechanism for electrogenic uptake of Na ϩ . The ENaC, which is located in the apical membrane and is potently inhibited by amiloride, is responsible for this electrogenic transport. Intracellular sodium ions are pumped out again at the basolateral side by the Na ϩ /K ϩ ATPase, which is inhibited by ouabain (reviewed in reference 24). This pump generates the driving force for the luminal Na ϩ uptake by lowering intracellular Na ϩ concentration. To determine the association of HPE-induced dome formation with Na ϩ -transporting events, monolayers were preincubated with both inhibitors, amiloride and ouabain, for 30 min prior coincubation of the inhibitor with HPE for a further hour. Apical treatment with 0.5 mM amiloride alone induced the formation of a small number of domes even before stimulation with HPE. Addition of HPE further exacerbated the formation of domes in an amiloride dose-dependent manner (Fig. 7A) . On the contrary, ouabain inhibited HPE induction of dome formation, also in an ouabain dose-dependent manner (Fig. 7B) . The fact that amiloride can by itself induce the formation of domes indicates that these structures form as a consequence of intracellular Na ϩ depletion, which would be driven by the Na ϩ /K ϩ ATPase in the , independent of the nature of the substrate on which they were grown (PET or polyester plastic, laminin, fibronectin, or collagen) (C). However, they primarily developed domes when grown on PET or laminin (D) and only when they were apically, but not basally, stimulated with HPE (B). (E) The effect of soluble laminin in HPE-induced dome formation was subsequently assessed. HPE was preincubated for 10 min with three concentrations of soluble laminin as indicated and then used to apically stimulate the cells for comparison with untreated HPE. (F) Alternatively, monolayers were treated with 10 g of soluble laminin (L) diluted in tissue culture medium for 30 min, then washed and incubated with HPE, and compared to monolayers only treated with HPE and without laminin preincubation (HPE).
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on January 17, 2020 by guest http://iai.asm.org/ absence of Na ϩ intake. Hence, HPE could be inducing intracellular Na ϩ depletion, which would in turn cause cellular shrinkage, as determined by electron microscopy.
Dome formation is not accompanied by chloride secretion. Na ϩ depletion could be generated by direct or indirect inactivation of ENaC or the electroneutral Na ϩ channels (Na ϩ /H ϩ exchangers, NHE2 and -3). ENaC has been shown to be negatively regulated by activation of the cystic fibrosis transmembrane conductance regulator (CFTR). After stimulation of wild-type CFTR by cAMP, amiloride-sensitive Na ϩ absorption is inhibited (24, 31) . Hence, we measured electrogenic Cl Ϫ secretion upon stimulation of T84 monolayers with HPE to determine if HPE would cause intracellular sodium depletion by acting as a secretagogue. However, HPE did not induce Cl Ϫ secretion above that of the control monolayers (Fig. 8) , although both control and treated cells retained Cl Ϫ secretion capacity as shown by stimulation with forskolin (Fig.  8) .
HPE-induced dome formation is inhibited by cytoskeletal disruption, is energy dependent, and is not inhibited by blockage of protein synthesis. The cytoskeleton is composed of actin filaments, microtubules, and intermediate filaments and is vital for many cellular processes, including mechanical strength, movement, adhesion, polarity, and intracellular trafficking (58) . Cytochalasin B, colchicine, taxol, and acrylamide were used to evaluate the involvement of the actin cytoskeleton, microtubule, and intermediate filament networks, respectively, in HPE-induced dome formation. All cytoskeletal disrupters inhibited HPE-induced dome formation in a concentrationdependent manner (Fig. 9A) with the exception of cytochalasin D, which was inhibitory at all concentrations tested (Fig. 9A ).
Metabolic inhibition with sodium azide also prevented the formation of domes in a concentration-dependent manner (Fig. 9B) , indicating that the process is energy dependent and supporting the involvement of Na ϩ /K ϩ ATPase. The process, however, was independent of protein synthesis, as pretreatment of monolayers with cycloheximide did not have any significant effect on dome formation (Fig. 9B) .
H. pylori-induced dome formation is inhibited by staurosporine and herbimycin A. The ENaC has been shown to be regulated also by intracellular signaling pathways involving different kinase families in different cell types, such as protein kinase C (PKC) (3), Src (18), or SGK (21) . A series of inhibitors were used to determine the involvement of general signaling pathways in H. pylori-induced dome formation. Monolayers were preincubated with the inhibitors for 30 min and then coincubated with HPE for a further hour. Staurosporine is a relatively nonselective kinase inhibitor which blocks many kinases to at least some degree, while herbimycin A is a potent and cell-permeable inhibitor of tyrosine kinases. Both kinase inhibitors greatly inhibited the formation of domes (Fig. 9C) , while neither pertussis toxin, a trimeric G protein inhibitor, nor cycloporin, an inhibitor of phosphatase 2B, had any significant influence in HPE-induced dome formation (Fig. 9C) .
HPE-induced cell-matrix detachment is associated with anomalous expression and relocation of ␣6 and ␤4 integrins and the nonintegrin monomeric 67-kDa laminin receptor (67LR) in confluent monolayers. It has been postulated that domes are areas in which an epithelium attaches weakly to the substratum (52) . Since the ␣6 integrin subunit, coupled to ␤1 or ␤4 integrin, is the main integrin involved in mediating gastrointestinal epithelial cell-matrix attachment (reviewed in ref- on January 17, 2020 by guest http://iai.asm.org/ erence 21), we utilized immunofluorescence microscopy to visualize any changes in the expression of these integrins upon dome formation. Although the expression of all three molecules was altered in HPE-treated monolayers, the most significant changes were observed on the ␣6 and ␤4 subunits. ␤1 integrin was expressed in a net-like pattern in control cells which was slightly disrupted in HPE-treated cells (Fig.  10A and B) . The ␣6 and ␤4 integrins were expressed in fiberlike patches at the base of the control cells ( Fig. 10C and E) , which were severely disrupted upon HPE treatment. Severe loss of ␤4 integrin expression was observed in treated monolayers (Fig. 10D) , although no intracellular granularization was observed. HPE treatment also induced significant changes in the expression of ␣6 integrin, which appears to redistribute toward the cell edges (Fig. 10F) . Intracellular granularization was observed at the blistered area (data not shown).
Ardini et al. (1) have previously shown that the ␣6␤4 integrin physically associates and is coregulated with the monomeric 67LR in the epidermoid carcinoma cell line A431. The 67LR was expressed in control T84 cells in a footprint-like pattern (Fig. 10G ) which was mainly preserved in the treated monolayers ( Fig. 10 H, panel 1) . However, intracellular granularization was observed at the blisters (Fig. 10H, panel 2) , where the footprint-like pattern was lost (Fig. 10H, panel 3) .
Dome formation only occurred in mature monolayers grown over 15 days. To determine if integrin downregulation was a cause or a consequence of dome formation, we also assessed integrin expression by immunofluorescence in nonconfluent monolayers growing on glass coverslips for 2 days. After 1 h of stimulation with HPE, there were no significant changes in the expression of ␣6, ␤1, or ␤4 integrin (data not shown). This indicates that integrin downregulation occurs as a consequence of dome formation in mature monolayers.
DISCUSSION
The pathological response of epithelial cells to extraluminal insults is likely to represent the initial step in the sequence of The specific involvement of urease, VacA, and CagA in dome formation was assessed by stimulating T84 monolayers with HPE from parental wild-type strains (84183, 60190, and N6) and the corresponding isogenic mutants for vacA, cagA, ureB, and ureG under kanamycin (km) selection. Normalization between strains (B and D) was achieved by adjusting the bacterial solution to an optical density at 600 nm of 2.9 before removing cells by centrifugation.
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on January 17, 2020 by guest http://iai.asm.org/ events ultimately leading to the onset of H. pylori-associated pathogenesis. The epithelium is responsible for maintaining barrier function and homeostasis, limiting the indiscriminant flow of ions and macromolecules from the lumen to the lamina propria. In an in vitro model with T84 polarized epithelial monolayers, it has been previously shown (55) that sonicates and soluble extracts from the bacterium can increase epithelial permeability. More specifically, Papini et al. (42) have shown that the vacuolating toxin from H. pylori can increase the epithelial permeability of T84 and MDCK monolayers, independently of its vacuolating activity (44) . In this study, we showed that stimulation of T84 monolayers with H. pylori soluble extracts has dramatic effects on the epithelial physiological balance and integrity. Apical, but not basolateral, exposure of confluent monolayers of T84 cells to HPE induced a rapid decrease in TER as well as the formation of domes. Domes are fluid-filled blister-like areas which form due to separation of the monolayer from the substrate, while the cells remain attached to each other (47) . Domes are characteristic of transporting, tight junction-forming epithelia, and they can form to a certain extent in untreated cultures after they have reached confluence in an impermeable substrate. The exact mechanism of dome formation is poorly understood. In polarized epithelial monolayers with tight junctions, domes appear to be sites of amiloride-sensitive transepithelial sodium transport (25, 61) . Sugahara et al. (52) postulated that domes form due to a decreased attachment of the monolayer to the substrate. Finally, domes have also been described as a sign of differentiation in the cell culture system (26, 60) . Na ϩ enters enterocytes electroneutrally, by luminal Na ϩ /H ϩ and Cl Ϫ /HCO 3 Ϫ exchange, or electrogenically, due to absorption via luminal ENaC. Sodium is then extruded from the cell by the Na ϩ /K ϩ ATPase at the basolateral membrane. Coordinate activities of apical sodium channels and the basolateral sodium pump allow efficient transcellular sodium transport without affecting cell sodium concentration (24) . We have shown that HPE-induced dome formation is exacerbated by amiloride, which is a potent inhibitor of ENaC. This contrasts with other reports, in which addition of amiloride has been shown to reduce the formation of domes in several cell lines (7, 12) . Since domes developed spontaneously upon treatment with amiloride alone, we postulate that dome formation in this on January 17, 2020 by guest http://iai.asm.org/ cell line could be due to intracellular Na ϩ depletion, driven by the basolateral Na ϩ /K ϩ pump in the absence of an active ENaC. HPE-induced domes are accompanied by cellular shrinking, as observed by electron microscopy, which would support the association between HPE-induced domes and intracellular sodium depletion. Furthermore, the fact that the formation of HPE-induced domes is inhibited by ouabain indicates the requirement of the Na ϩ /K ϩ ATPase and, therefore, Na ϩ extravasation from the cell for the domes to occur. We postulate that a component within HPE could be inhibiting ENaC, either directly or indirectly. ENaC inactivation by pathogens has only been shown for the influenza virus (23), which inhibits epithelial Na ϩ channels in the respiratory epithelium and seems to be the only described pathogen which modulates epithelial Na ϩ channels rather than Cl Ϫ channels. ENaC regulation can be achieved at three different levels: open channel probability, channel density at the plasma membrane, and regulation of protein expression. These channels are tightly regulated by hormones such as aldosterone, vasopressin, and insulin, as well as PKA/cAMP, PKC, Ca 2ϩ , and G proteins (17) . The absence of Cl Ϫ secretion upon cell stimulation with HPE indicates that PKA/cAMP is not involved in dome formation. However, the inhibition of HPE-induced dome formation by staurosporine and herbimycin A indicates the involvement of intracellular kinase pathways in this process. H. pylori-induced dome formation is not associated with cell death or apoptosis. Furthermore, the cells are able to reattach upon exposure to fresh medium. This indicates that in the absence of HPE the cells can restore the physiological balance of the monolayer, probably by restoring the number or activity of the appropriate channels at the plasma membrane. This would reduce the amount of accumulated fluid between the monolayer and the semipermeable substrate, facilitating cell-matrix reattachment.
The vacuolating cytotoxin from H. pylori is believed to be a on January 17, 2020 by guest http://iai.asm.org/ major causative factor in the development of gastroduodenal ulcers. The toxin is secreted by the bacterium (8), forms anionselective channels upon insertion into planar bilayers (56) , and mimics CFTR-mediated chloride conductance (9) . Furthermore, VacA induces a decrease in TER in T84 monolayers and an increase in paracellular permeability (42) . Hence, we considered this toxin as a potential candidate which could be involved in the formation of domes. However, HPE from two different VacA mutant strains also induced dome formation, ruling out the involvement of this protein in the process. We also considered the potential involvement of urease and CagA in dome formation, since they also have important physiological effects in epithelial cells. On the one hand, urease catalyzes the hydrolysis of urea, yielding ammonia, which produces severe cytotoxic effects within gastric epithelium (reviewed in reference 50). Furthermore, this enzyme is commonly found in association with the bacterial surface (32) . On the other hand, CagA induces cytoskeletal rearrangements in epithelial cells (reviewed in reference 36), and the bacterium can induce the activation of matrix metalloproteinase-9, an enzyme capable of degrading extracellular matrix components, in a pathogenicity island-dependent way (37) . Despite representing likely candidates, HPE from CagA Ϫ as well as from urease Ϫ UreB and UreG isogenic mutants were also able to induce the formation of domes, which indicates that these proteins are not involved in dome formation.
The formation of domes has been associated not only with sodium transporting events but also with decreased epithelial adherence to the substrate (52, 54) . A number of observations indicate that this could be the case for HPE-induced dome formation. Firstly, dome formation was dependent upon the composition of the extracellular matrix, as it occurred mainly in those cells grown on laminin or fibronectin rather than on those grown on collagen I. Furthermore, dome formation was inhibited by HPE preincubation with soluble laminin. Since H. pylori LPS has been shown to bind laminin (57) and to inhibit up to 96% of the binding of laminin to the 67LR (48), the LPS component of HPE could have an important role in HPEinduced dome formation.
Long-term exposure of MDCK epithelial monolayers to retinoic acid also induces the formation of domes (54) . The formation of domes in this experimental model is preceded by up to 70% inhibition of laminin biosynthesis, as well as by inhibition of synthesis of the 67LR. The 67LR has been shown to be coregulated and to associate physically with ␣6␤4 integrin in A431 cells, where it acts as an auxiliary molecule involved in regulating or stabilizing the interaction of laminin with the integrin (1). The integrin ␣6␤4 is the principal agent for accomplishing integration of the cytoskeleton with laminin in the extracellular matrix (51) , and changes in its expression or ligand affinity lead to extensive blistering or exfoliation (45) . HPE-induced dome formation is associated with dramatic changes in the pattern of expression of ␣6, ␤4, and ␤1 integrins, as well as the 67LR. Strikingly, ␤4 integrin expression was completely lost in confluent monolayers upon exposure to HPE, which indicates that dome formation associates with decreased epithelial adherence to the substrate. In nonconfluent, undifferentiated monolayers of T84 cells, short-term treatment with HPE did not lead to changes in expression of these integrins, which indicates that integrin downregulation occurs as a consequence of dome formation, and not vice versa.
H. pylori-induced epithelial disengagement from the lamina propria could contribute to the development of gastric or duodenal ulceration in conjunction with other factors which are well known to be involved in this process, such as alterations of the gastrin-somatostatin balance and a subsequent increase in acid secretion (19, 27) , or the underlying inflammatory response (30) . The release of reactive oxygen intermediaries from transmigrating neutrophils at the epithelium (41, 49) as well as alterations of the proliferative-apoptotic balance of epithelial cells (38) are also factors which have been postulated to contribute to epithelial denudation and therefore could facilitate the ulceration process.
In summary, these data indicate that intestinal epithelial cells develop a pathophysiological response upon treatment with soluble components from H. pylori which involves alteration of barrier function, changes in the physiological balance of electrolyte transport, and diminished adherence to the extracellular matrix. These effects, which are only apparent when using polarized transporting gastrointestinal epithelia as a model, represent a novel perspective for the understanding of H. pylori-associated pathogenesis and highlight the importance of the physiological consequences of the bacterium-epithelium interaction.
